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Description 

FIELD OF THE INVENTION 

The invention relates generally lo integrated circuits 
rind, more particularly, lo integrated circuit insulation 
materials and fabrication methods 

BACKGROUND OF THE INVENTION 

The performance of high density integrated circuits 
is dominated by metal ininrconncct level RC delays duo 
lo the resistivity of the metal lines and the capacilivc 
coupling between, adjacent, linos. The. capacilive cou- 
pling can bo icdiccd by decreasing the relative permit- 
tivity {dielectric constant) of the dielectric (insulator) be- 
tween adjacent linos 

Various, diofoclric male rials, have boon suggested 
lor use in silicon integrated circuits namely, silicon di- 
oxide (currently the dominant dielcclnc material with a 
(dative permittivity about 4 0). inorganic materials such 
as fiuorinalcd silicon dioxide (relative permittivities 
about 3 0-4 0). organic materials such as polyimidc 
parytcne amorphous ptlo (relative permittivities about 
1 9-3 9). and poious dielectrics such as silicon dioxide 
xcrogels (rcfahve permittivity depending upon pore st/e 
and density, typically 1 3-3 0) Indeed, the poic si/cs in 
silica xcrogels are usually much smaller than the inte- 
grated circuit leal ure s»/c sco Smith cl al. Preparation 
of Low -Density Xerogcl at Ambient Pressure for Low k 
Dielectrics 381 Mat Res Soc Symp Proc. 261 [1995) 
The porosity cart be up to 99".. 

Thin him silica xerogels lor integrated circuit dielec- 
trics can be labncated by the generic steps of precursor 
preparation, spin coaling, aging, solvent exchange, and 
drying. 

An alkoxrde is hydroly/cd in a solvent as shown by 
the reaction illustrated in Figure 1 

The solvent conveniently could be agueousdha- 
nol tor example 

Figuio 2 illustrates the condensation ol the hydro- 
lyzcd alkoxide. 

The condensation can be- controlled so that spin com ling 
occuis alter partial condensation to an appiopnalc vis- 
cosity 

The solvent exchange step replaces Ihc original 
solvent residrng within the pores of the condensed net- 
work by low-surface-tension solvent to reduce the cap- 
illary pressure during drying and to minimize ihc col- 
lapse ol pores. Untied Stales Patent No 5.561 .318 dis- 
closes variations ol the process. 

However poious silica has not yet become manu- 
faclurablc Shea et at. Arylsilscsquioxano Gols and re- 
lated Materials. New Hybrids ol Organic and inorganic 
Networks 114 J.Am.Chem.Soc. 6700 (T992J. describe 
gels made from hydrolysis and condensation ol mono- 
mers such as benzene with Iwo elhoxysiiyl groups: the 
gels were dried and Ihe macroporous polymer network 



collapsed yielding a microporous polysilscsquioxane 
xeioget 

SUMMARY OF THE INVENTION 

5 

The present invention provides poious hy.bnd or- 
gantc-silica integrated circuit dictocti ics it has been dis- 
covered that. porous silica has problems including bril- 
ticness and cracking, and this can limit available 
to processing slops- Further, carbon -carbon, carbon -hy- 
drogen, and carbon-fluorine bonds typically are less po- 
lan/ablc than the silicon oxygen bonds ol silica so po- 
rous hybrid dielectrics rvive a lowc; peumltivily than 
comparably porous silica. 

The poious hybrid-organic -silica has advantages 
over poious siIich including lower permittivity lor a given 
xerogcl density and increased material flexibility lo limit 
builleness problems during, integrated circuit fabrica- 
tion 

JO 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 shows a chemical reaction illushating hy- 
drotyzalion of an aikoxido in a solvent. 

Figure 2 shows a chemical reaction illustrating the 
condensation ot a hydroly/ed atkoxtdc 

Figure 3 shows a cioss-scclional clevatron view ol 
so c \ lit st preferred embodiment intcimclal level diclce- 
liic in accordance with the present invention 

Figure 4 shows a chemical reaction for a dielectric 
which hydioly/os in a solution ol ethylene glycol, 
ct hai.iot water and 1 M HNO j 

Figure 5 shows a chemical reaction illustrating the 
elimination ol hydroxy Is: 

■*o Figure 6 shows a chemical reaction for a conden- 
sation process which further polymerizes oligom- 
ers 

Figuics 7a-c show a cioss-sectional elevation view 
of a piefencd embodiment method of fabrication. 

Figures Bw.-b show monomers for bridging gioups 
for use with the prcscni invention, and 

50 Figures 9a-e shows alternative preferred embodi- 
ment dielectric structures. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

55 

Porous hybrid organic -silica dielectrics derive from 
monomers ol the genera! lorm (RO) St-A-Si(OR) 3 
where R is any convenient alkyi group and A represents 
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-in oiganic budging gioup ,M!S con lias Is with (he pnoi 
-art monomer Si(OR) 4 Foi example, A coufd bo methyl* 
?no phenyfonc. biphcnylone. xylylonc. rind so forth as 
lluslratod in the pi cloned cmbodin'ionis Hydrolysis and 
rondonsalion ol the monomcis provide gels analogous s 

0 the piiot art 

tRO)-Si A-Si(OR: 0 i H„0 ■ (RO) 3 Si-A-Si(OR) 2 

-0-SifOR) 2 -A sifOR>.) i ROH f0 

\ tack ol polart/ablc bonds in A helps tower the permit - 
ivity and fluoro substitutions provide Imlhoi preferred 
embodiments with the additional advantage of higher 
cmpcraturc tolerance due to the stability of carbon-flu- ts 
Mine bonds 

Figure 3 shows k cross sectional view of a p relet red 
embodiment intcwnotal level drelcclrics (IMDs) ot xeio- 
jol UO plus silicon dioxide 120 nod a ^reaction bamcr 
passivation layer 106. Metal linos 104 have widths ol ~o 
ibout 0 25-0 5 microns a height of about 0 7 microns 
nnd minimal spacing also ot aboul 0 25 microns Pic- 
nolaf lovol dielectric (PMD) covers the transistor. 

A ttisl pi of cried embodiment dielectric has mono- 
nor t 4-bis{triothoxysifyt)- ben/cne which hydroly/os in -S 

1 solution of ethylene glycol, cthanol water, and 1M 
^NO :^ by rcftuxing for 1 -2 hours al /0 C {rnolar ratios of 
1 3.1 5 1 5 0 042 of monomer ethylene glycol cthanol. 
valcr and mine acid) by the reactions illustrated in Fig- 

jre 4 so 
ho mildacidic conditions calaly/c the hydiolysis .and 
iighcr temperatures (e g 70°C) increase (he roaction 
ate but cthanol boils at aboul 78°C. Replacements of 
wo or more cthoxy gioups pei monomer may occur, 
however the competing condensation of the hydroxy I ^ 
jioups to form St-O-Si bonded dimeis. tumeis eiim- 
nates hydroxyfs by reactions as illustrated in Figure 5, . 

The hydrolysis plus condensation reactions slowly 
:onvcit the monomers to oligomers of varying si/cs 
ind Ihe viscostty ot the solution increases Upon reach- jo 
ig a suitable degree- ol polymerization, the solution is 
.ooled down to room temperature and diluted with clh- 
tnof fup lo 300'V) which yields a sheff file ol several 
nonlhs or longer Typically, the average oligomer will be 
nadc of. 3-10 monomers and have most ol its ethoxy -*s 
jroups replaced by hydroxy! groups or siloxane bonds, 
he oligomers may crosslink during condensation due 
o the largo number oi hydroxyl sites on each oligomer. 

A base such as ammonium hydroxide {NH 4 OH) cat- 
ity/cs the further cor donsation of the oligomers. 0 25M so 
>lhi 4 OH (-10% by voli me) can be added lo the oligomer 
.olution just prior to 5pin coaling Alternately the oli- 
jomcr solution can be used without Ihe base addition. 
\ 200min (or 8 inch) diameter wafer requires about 3 ml 
>f solution io provide a coating of about 1 micron aver- ss 
igo thickness. A spin speed of 1000-5000 rpm for about 
0-15 seconds typically suffices Various spin speeds 
an be programmed n the spin coaling process to con- 
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Itol lifin streaks, and backside nn so and edge bead re- 
moval also can bo incorporated to remove edge and 
backside deposits. Spray or dip coaling may also be 
used. The condensation react on further polymcri/cs 
the oligomers and thereby loirns a solvent -sal uralcd 
Ihin film gei with a silsosquicxane polymer network 
roughly illustrated in Figure 6 

AUer coaling, the ihm lilm gel is aged lo continue 
condensation and network formation The solvent is 
maintained tn the gel by a saturated atmosphere of eth- 
ylene glycol over the wafer. An aging temperature ol 
120°C lor 2-4 minulcs completes the condensation, a 
base catalyst may bo introduced into the atmosphere 
A towci temperature ageing would damrind a grcaler 
ageing time 

Solvent evaporation during agoing can cause pro 
mature drying and substantial shrinkage of the gel. 
which increases the lilm dcnsily and permittivity and in- 
duces film c lacking Thus= solvent evaporation is lit ruled 
by eontiolling the atmosphere over the wafer ot by the 
use of less volatile solvents such as glycerol in place of 
cthanol 

The overall hydrolysis/condensation converts 
roughly 70";. of the original elhoxystlicon R-O-Si bonds 
into siloxane Si-O-Si bonds and Ihe remaining ethoxy- 
silicon bonds into mostly silanot Si-O-H bonds The sur- 
face Si-O-M groups are active and hydrophilic but arc 
isolated on the network and do not further condense 

The network has micropores with diameters less 
than 10 nm. Note the 250 nm minimal spacing between 
adjacent melal. lines, in Figure 3- greatly exceeds pore 
si/c and the metal line geometry has hlllc impact on gel 
formation 

After ageing, the wafer is rinsed with cthanol on a 
spinner to replace the high-surlace-tcnsion solvent eth- 
ylene glycol m the pores to roduc c the capiltaiy pressure 
during subsequent drying Due to the small pore si/c 
(small radius ol curvature), high capillaiy picssure ex- 
ists during solvent evaporation (i.e.. when a pore sur- 
face is partially welted so Ihe liquid surface tension is 
asymmetrical), and can cause the polymer nelwoik to 
collapse, producing a denser film 

Further., the pore surface S>0 H groups present a 
hydrophilic surface which can adsorb moisture: this will 
increase Ihe lilm peimillivity and corrode adjacent melal 
surfaces Also, possible further condensation reactions 
of the.SiOH groupsdunng drying can cause .permanent 
shrinkage of the network. There-ore. the water is rinsed 
wilh hexamelhyldisila/ane (HMDS) fCH 3 ) rj Si-NH-Si 
(CH rj )3 to modify the pore surfaces by replacing Ihe Si- 
O-H groups with Si-0-Si(CH 3 ) 3 groups which are hydro- 
phobic and also cannot further condense 

Next, the wafer is rinsed wilh heptane or hexane to 
further lower capillary pressure during gel drying. Lastly, 
the gel is dried by. pfacing the water on a hot plate for 
example at 300-350°C for about 60 seconds. This 
leaves a xerogei (the polymer network) with air tilled 
pores. 



EP 0 849 796 A2 



3 



0NS0OCID a=F 0a447**;A2 I 



06/13/01 08:56 FAX 509 252 2231 HONEYWELL LEGAL Q023 



EP0 849 796 A2 



The HMDS or oihcr suiU tcc mod/ficat/on could also 
be pci formed after drying it the polymer network is 
strong enough lo withstand Ihc capillary pi ess urc during 
drying. 

The lollowmg section describes use of Ihc foregoing 
xerogel mclhod in fabrication ol one ol Iho I MO layers 
ol Ficjuic 3. 

Figures 7a-c illustrate labrication slcps lor a pre- 
ferred embodiment xerogel IMD slruct ure whtch also 
contains a passivation f reaction barrier) layer lor the xe- 
rogel. in particular. Figure 7 a shows clad aluminum fines 
204 of widths 0 25-0 6 microns, heights 0 7 microns, 
and minimal spaemgs beiwocn lines 0 25 microns Con- 
fer 1TV1I passivation layer 206 on mclal linos 204 and un- 
derlying dielectric: provides a chemical reaction barncr 
lor metal lines 204. protecting them from corrosion Pas- 
sivation layer 206 may bo silicon dioxide, and has a 
thickness ol 10-50 nm lor example, and may bo depos- 
ited by tpiasma enhanced) CVQ 

Figuie 7b shows ohgomei solution spun on to form 
thin film gel 20 & This uses the previously doscribed^of- 
igomcr solution ;md spin on with condensation catalyst 
An average film 208 thickness ol.O 3-0 5 microns I ills m 
the minimal spaemgs dcspilc their dcplhs ol 0 7 mi- 
crons. Iho Mm thickness over metal linos 204 is only 
about 0 1 microns. 

The gel is processed as previously described (age 
replace solvent, modify poio suifacc and diy) lo form 
xerogel 21 0 Then overlying silicon oxrde 220 is depos- 
ited and planan/cd sucii as by chemical mechanical 
polishing (CMP) to yield a planar suifacc as shown in 
Figure 7c. Via foimairon and Idling yields the lower IMD 
layer as in Figure 3 . 

The spin on to form gel 208 provides a reasonably 
planar surface, so the CMP ol the ovoi lying silicon oxide 
may be omilteci 

The monomer lor a hi si preferred embodiment can 
be picparcd by first adding a small crystal of iodine lo a 
mixture ol 15 g of, magnesium turnings and 450 mi of 
TEOS in 300 ml ol lelrahydrofuran (THF) and refluxing 
the mixture under a nitrogen atmosphere Nexl. a solu- 
tion of 48 g of t.4-dtbromoben/cnc in 100 ml of THF is 
added dropwise to the refluxing mix lure ovei a period of 
appi ox innately 2 hours. Within 30 minutes ol initiating 
Ihc addition the reaction becomes mildly exothermic. 
The reaction mixture ts kept icfiuxing for a period ol 1 
hour after the completion of Ihe addition of the dibro- 
mide. The gray-goon mixture is cooled lo room tempor- 
al inc. and then the THF is removed in vacuo Hoxane 
is added to precipitate any remaining magnesium salts 
ia solution and. litter the mixture under nilrogen lo yield 
a clear. Iighl brown solution. The hexane is removed in 
vacuo, and Ihe remaining TEOS is distilled off in vacuo 
lo leave a brown oil The brown oil is distilled ( 1 30- 1 35°C 
at 200 mTorr) to give a clear colorless oil monomer. 

A second embodiment xerogel IMD is a fluoiinated 
version ol Ihc lirst preferred embodiment. In particular, 
the xerogel has fluorine substituted for the hydrogen on 



!hc ben/cne ring bridging group All four fiydiogons 01 
only some may be fluorine substituted: the grcaici the 
huortnc content. Ihe bet for the icmpctniufc tolerance 
and the lowei Ihc permittivity when all other patamelcis 
5 remain lixed 

The lluorinalcd xciogel may be mado from a fluor- 
idated monomer with the same processing slcps or may 
be fluonnalcd allcr xcrogcl fabrication by exposure to 
F^ at- low press uic The "luorination alter fabrication 

to should swell Ihc xorogci due Lo Ihc larger si/e ol a flu- 
orine atom as compared to hydrogen, but the swelling 
should only decrease poiosily The fluoridation also 
evolves HF which must be pumpedaway to avoid metal 
01 oxide etching for Ihc case ol fluoridation allei amso- 

'5 tropic etching. Also, the suiiaccmodilicalion wilh HMDS 
lo replace silanol groups may be replaced with a fluon- 
nalcd version (CF^Si-NH-SifCF^. 

Integrated circuit fabrication usually includes very 
high temperature initial processing steps but allei mclal 

-0 line formation, lypically aluminum based, processing 
temperatures peak al about. 450°C (the sintering tem- 
perature for aluminum) due to the low melting point of 
aluminum. Consequently IMD materials should be ther- 
mally stable up to roughly 500° C in an mci t atmosphere 

^5 The conjugaicd bond stability of the preceding bridging 
group examples provides such thermal stability I01 the 
xcrogcls indeed the use ol pore suifacc modilication 
with phenyl groups in place ol methyl groups enhances 
thermal stability. That is icplace the pore suifacc 

30 gtoups -O-SitCh^ with -C-Si(C G H 5 ) 0 groups 

Similaily (partial) fluorination typically inci eases 
thermal stability, so (paitiaily) fluonnalcd version ol the 
preceding. such as [BO^Si-C^F^-Si (OR) 0 monomers 01 
surlacc modification groups such as -0-Si(CF 3 )-j 01 -O- 
Si(C 6 F 5 ) 3 enhance thermal stability 

Further preferred embodiments aic similar to the 
lirsl preferred embodiment but use different bridging 
groups tn Ihc monomer and xerogel In particular, the 
bridging groups may consist ol alkancs. branched al- 

JO kancs. alkones. branched .-tlkoncs. alkyncs. bianched 
alkyncs cycfoalkancs. and arenes as exemplified by the 
lo! lowing monomers illustrated in Figures 6a -b 
The alkane. alkene and alkyne chains may have from 
1 to 12 caibon atoms with more than 12 carbon atoms 

4 s the polymer nclwork begins 10 resemble polyethylene. 
Similarly, alkene and alkyne chains ol similar length pro- 
vide somewhat similar xerogcls. Cycloalkancs with 3 to 
8 carbon rings may be used. Fused or linked ben/ene 
or other rings may be used provided the shortest path 

50 of carbon atoms between silicon atoms does not exceed 
12 

The selection of bridging group depends upon the 
desired xerogel thermal stability and flexibility. In partic- 
ular, thermal stability increases Irom alkane to compa- 
ss fable aikone to comparable alkyne to comparable cyclo- 
alkane to comparable areno. Conversely. flexibility in- 
creases in reverse order; arenes being the least flexible 
and the alkane being the most flexible. 
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Willi all ol ihcsc budging gtoups fluonnation in- 
creases thermal stability A drawback of fiuorination is 
possible metal corrosion from the fluonnc. 

Also. copolymers ol two or more ol Ihe foregoing 
monomcis could be used to have intcrmcdialc charac- 
Icrislics 

The preferred cmboditnent xeiogcls may be used 
in alternative preferred embodiment (MD structures as 
hcuristically illustrated in cross sectional views by Fig- 
ures 9a- f, to particular. Figure 9a shows axcioqcl wilh 
ovcrtymg oxide find vias over the metal lines; this is Ihc 
same as Figure 7c plus vias rind with the passivation 
layer omtiied 

Figure 9b shows a xerogel in a minimal spacing be- 
tween metal lines find on Ihe open field away (torn ihc 
minimal spacing. This.xetogcl structure derives from an 
ctchback down lo the metal lines ol ihc original spun on 
xerogel as illustrated in Figure 7b. Aivovci lying oxide 
would be deposited on the olehed back xerogel to com- 
piclc the IMD The etched back xerogel has the advan- 
tage ol preserving the xerogol in the minimal spacing 
but reducing the thickness in !hc open lictd and thus re- 
ducing the mechanical strength demands. It also pre 
vents xcioge! blowout during vim etch. Indeed, the mote 
conform*! the original spun on xerogol. the thinner the 
etched hack xerogel in the open held while maintaining 
the xerogel liited minimal spacing. 

Figure 9c shows oxide masks on the metal lines and 
xerogel only in the minimal spacing: subsequent depo- 
sition ot oxide and planari/alion completes the IMD lay- 
er. The structure ot Figure 9c can conveniently be fab- 
ricated by first usin:} the oxide masks for the metal etch 
lo foim the metal lines shown, next spin on xerogel 
which tills the minimal spacing plus the open tietd and 
covers the oxide masks, and then etch back lo clenr Ihc 
open held but leaving Ihe minimal spacmgjillcdal least 
lo the height ol themetatttnos Thisditlers from the etch- 
back ol Figure 9b in that the oxide masks essentially 
extend Ihe minimal spacing vertically so the ctchback 
can remove the op^n held xerogel before removing xe- 
rogel between the metal lines. For example, if Ihe meiaf 
linos arc 0.7 microns high, the oxide mask 0 3 microns 
high, and xerogel thickness 0 5 microns over [he open 
tietd and 0 2 microns over Ihc oxide masks. Lhen rin 
ctchback of 0 5 microns will just clear the open Held but 
leave 0 7 microns in the minimal spacing, Ol course, xc 
rogei left on the exterior sidewall of the metal tines would 
not be detrimental: either isotropic or anstolropic etch- 
back works 

Figure 9d has xerogel only tn an elched stol be- 
tween minimally-spaced metal lines this allows Ihc xe- 
rogol lo extend above and below (by slol etching into 
underlying dielectric) the metal lines and thereby also 
presents low permittivity material to fringing electric 
fields Fabrication of this IMD structure proceeds by the 
steps of depositing a metal followed by the deposition 
of an oxide masking and etching the oxide and the met- 
al depositing a passivation layer spinning on and drying 



e 

xerogel which will fill the miniTvil spacings plus envoi* 
ihe oxide and lastly etching back to lemovo the xerogel 
Jroin lop ol Ihe oxide leaving it onfy in the slots 

Figure 9c shows a damascene: sliuctuie using xo- 

* rogei In particular, the xerogol is lit si formed (prior to 
the melal lines) then trenches are amsoltopically 
etched trenches (plus possible vias lo underlying con- 
ductor) in the xerogel then a blanket dcposil of melal 
tills the trenches and covers the xerogol and lastly CMP 

'0 to remove the melal on the upper xerogel surface but 
leaves the melal m the trenches to Ioim metal linos. 

Figure 9f shows a very thick xctogcl which piovidcs 
the entire IMD (except lor possible passivation layeis) 
The sirucutrcs ol Figures 9a -b o -f require mochan- 
ical strength Irom the xcrogei. especially Ihc structure 
of Figures 9c-( In contiast the structures of Figures 9c- 
d only use Ihc xerogel in minimal spaemgs Ihc me- 
chanical strength depends upon the xerogol density in 
a piciortcd embodiment hybrid xerogels have a lower 

-0 pcrmitlivily. than comparable density silica- xerogels 
Ihus for a mquired permittivity, the hybrid xerogels may 
be densei and thereby stronger than silica xorogols. 

The toicgoing xerogels between metal (or other 
conductive) lines can be app icd lo various uUcgialed 
circuit types For example, memories (DRAMs SRAMs 
[lash EPROMs. et celcia) have many sets of long par 
allot conductive lines such as bit lines wordlincs. straps 
address and dala busses and so forth and the xerogel 
tilling minimal spactngs in such slops of parallel lines 

SO decreases capacitivc coupling and associated cross 
talk 

The preferred embodiments may be varied in many 
ways while retaining one or more of the features ol or- 
ganic bridging groups in silica xerogels used a integral ■ 
~* od circuit dielcctitcs For example, the xerogels could 
be used as diolectncs in. various locations within inte- 
grated citcuits such as between polysilicon or polycidc 
gates and wordlincs and about microwave circuit ele- 
ments. 

-to The dimensions of the preferred embodiment struc- 
tures could be varied such as the minimal spacing be- 
tween conductive lines being 0.18 or 0 13 microns or 
loss. Ihe metal line height could vaiy and the metal be 
copper or tungsten oi alloys or siticides such as TiSU or 

J 5 CoSU or niludos such as TiN or WN. and Ihc oxide die- 
lectric could be lluonnatcd oxide tSiO x F Y ) or an oxyni- 
trido or a multilayer stack of these the passivation layer 
could be omitted or silicon nitride or oxynitride used and 
so forth 

so 

Claims 

1. An integrated circuit dielectric comprising 
55 h xerogel tilling at least a portion of a space 

between a lust and a second conductor, said xoio- 
gel including a polymci network including organic 
bridging groups 
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2. The ciiolcctrtc ol Claim K wiiercia 

whcicin said bridging groups nic selected 
Irom h group niriicriHls comprising; of Mlkancs. 
alkcnes Mlkyncs. nrencs. hmcJ cycloHlk;incs wilh 
the shot lesi path oi carbon aloms across the bneig- 5 
ing group bo ng a I most 1 2 
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